The movement disorder in Parkinson disease (PD) results from depletion of the catecholamine dopamine in the brain's nigrostriatal system (1). PD also entails profound deficiency of the closely related catecholamine norepinephrine (NE) in the heart (2). Other Lewy body diseases -pure autonomic failure (PAF) and dementia with Lewy bodies -also involve severely decreased myocardial NE contents (3).
Introduction
The movement disorder in Parkinson disease (PD) results from depletion of the catecholamine dopamine in the brain's nigrostriatal system (1) . PD also entails profound deficiency of the closely related catecholamine norepinephrine (NE) in the heart (2) . Other Lewy body diseases -pure autonomic failure (PAF) and dementia with Lewy bodies -also involve severely decreased myocardial NE contents (3) .
The cardiac sympathoneural lesion in these diseases probably is important clinically. Thus, neuroimaging evidence of cardiac noradrenergic deficiency in PD is associated with cognitive impairment (4), exercise intolerance (5) , olfactory dysfunction (6) , rapid eye movement behavior disorder (7) , visual hallucinations (8) , falls from neurogenic orthostatic hypotension (9) , fatigue (10) , and shortened survival (11) .
One might presume that the myocardial NE depletion in these disorders directly and solely reflects loss BACKGROUND. Lewy body diseases, a family of aging-related neurodegenerative disorders, entail loss of the catecholamine dopamine in the nigrostriatal system and equally severe deficiency of the closely related catecholamine norepinephrine in the heart. The myocardial noradrenergic lesion is associated with major nonmotor symptoms and decreased survival. Numerous mechanisms determine norepinephrine stores, and which of these are altered in Lewy body diseases has not been examined in an integrated way. We used a computational modeling approach to assess comprehensively pathways of cardiac norepinephrine synthesis, storage, release, reuptake, and metabolism in Lewy body diseases. Application of a potentially novel kinetic model identified a pattern of dysfunctional steps contributing to norepinephrine deficiency. We then tested predictions from the model in a new cohort of Parkinson disease patients.
METHODS.
Rate constants were calculated for 17 reactions determining intraneuronal norepinephrine stores. Model predictions were tested by measuring postmortem apical ventricular concentrations and concentration ratios of catechols in controls and patients with Parkinson disease.
RESULTS.
The model identified low rate constants for 3 types of processes in the Lewy body group: catecholamine biosynthesis via tyrosine hydroxylase and aromatic l-amino acid decarboxylase, vesicular storage of dopamine and norepinephrine, and neuronal norepinephrine reuptake via the cell membrane norepinephrine transporter. Postmortem catechols and catechol ratios confirmed this triad of model-predicted functional abnormalities.
CONCLUSION.
Denervation-independent impairments of neurotransmitter biosynthesis, vesicular sequestration, and norepinephrine recycling contribute to the myocardial norepinephrine deficiency attending Lewy body diseases. A proportion of cardiac sympathetic nerves are "sick but not dead," suggesting targeted disease modification strategies might retard clinical progression.
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of sympathetic noradrenergic nerves; however, studies using immunoreactive tyrosine hydroxylase (TH) as a marker of myocardial catecholaminergic innervation have noted about a 75% average decrease in PD (12) (13) (14) (15) (16) (17) , whereas, as shown here, the extent of loss of NE is 95%-99% (2, 3). The greater magnitude of neurotransmitter depletion than of loss of sympathetic noradrenergic innervation suggests the occurrence of abnormalities in residual nerves that are dysfunctional but extant. We call this the "sick but not dead" phenomenon.
There are many such potential abnormalities (Figure 1 ), including decreased vesicular uptake of cytoplasmic catecholamines via the type 2 VMAT; (18) increased vesicular permeability (19) ; decreased axonal transport of vesicles or vesicle-associated proteins (20) ; decreased activities of the enzymes TH (21), LAAAD (22) , and vesicular DBH (23); increased exocytotic release of vesicular NE (24) ; and decreased neuronal NE recycling via the U1 process mediated by the cell membrane NE transporter (NET) (25) .
Previous studies and kinetic models (26) have not provided a cohesive, comprehensive view of overall cardiac catecholaminergic functioning in Lewy body diseases. In the present study we used a potentially novel systems biology approach by constructing and applying a detailed computational model that enabled a more complete picture.
A rich fund of in vivo neurochemical, neuroimaging, and tracer kinetic data has accumulated over many years about cardiac noradrenergic function in healthy humans (27) and in a variety of clinical disorders (28) , and postmortem studies have provided data about myocardial tissue contents of NE, dopamine, and other compounds of interest in Lewy body diseases (2, 3) . We exploited this information to assess for the first time to our knowledge all the major known pathways of cardiac catecholamine synthesis, release, recycling, and metabolism simultaneously, with the goal of identifying the intraneuronal functional abnormalities contributing to myocardial noradrenergic deficiency in Lewy body diseases. We hypothesized that in addition to sympathetic denervation, a multiplicity of functional abnormalities in residual nerves work together to cause the dramatic loss of myocardial NE stores that characterizes Lewy body diseases.
The model we used describes rates of 17 intraneuronal, catecholamine-related reactions and amounts of 9 intraneuronal reactants ( Figure 1 , Table 1, and Table 2 ). Differential equations presuming equilibrium Figure 1 . Concept diagram depicting steps of catecholamine synthesis, storage, release, recycling, and metabolism in myocardial sympathetic nerves. Reactions are in italics and amounts of reactants in plain text. Font sizes correspond roughly to amounts of reactants. Green arrows indicate dopamine (DA) synthesis and blue arrows norepinephrine (NE) vesicular uptake and leakage. After tyrosine (TYR) uptake, cytoplasmic TYR (TYRc) is converted to 3,4-dihydroxyphenylalanine (DOPA) via tyrosine hydroxylase (TH). Cytoplasmic DOPA (DOPAc) is converted to DA via aromatic l-amino acid decarboxylase (LAAAD) or undergoes spontaneous oxidation to form 5-S-cysteinyldopa (Cys-DOPA). Cytoplasmic DA (DAc) is converted to 3,4-dihydroxyphenylacetaldehyde (DOPAL) via monoamine oxidase (MAO), undergoes spontaneous oxidation to form 5-S-cysteinylDA, or is taken up into vesicles via the vesicular monoamine transporter (VMAT). DOPAL is metabolized by aldehyde dehydrogenase (ALDH) to form 3,4-dihydroxyphenylacetic acid (DOPAC) or by aldehyde/aldose reductase (AR) to form 3,4-dihydroxyphenylethanol. DA in vesicles is converted to NE via dopamine-β-hydroxylase (DBH) or leaks passively into the cytoplasm. NE in vesicles is released into the extracellular fluid or leaks passively into the cytoplasm. Cytoplasmic NE (NEc) is converted to 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL) via MAO, and DOPEGAL is metabolized to 3,4-dihydroxyphenylglycol (DHPG) via AR. NE in the extracellular fluid (NEe) is taken up into the nerve by Uptake-1 (U1), spills over into the cardiac venous drainage, or is removed by extraneuronal uptake (Uptake-2). Circulating epinephrine (EPI) can be taken up into the nerve by U1 and transported into vesicles via the VMAT.
conditions were used to calculate rate constants for each of the intraneuronal reactions in controls and patients with Lewy body disease (see Supplemental Appendix 1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.130441DS1).
We tested predictions from the model using data about postmortem concentrations and ratios of apical left ventricular catechols in cohorts of autopsy-proven patients with PD and control subjects.
Results
The Lewy body disease group had drastically decreased myocardial tissue contents of NE (by 96% from controls) and dopamine (by 95%) ( Table 1 and Table 2 ; individual data with descriptive statistics are in Supplemental Table 1 ). There were smaller proportionate decreases in amounts of other catechols. The Lewy body disease group also had severely decreased rates of cardiac spillover of NE (by 86% from control), DHPG (the main neuronal metabolite of NE) (by 97%), DOPAC (the main neuronal metabolite of dopamine) (by 84%), and DOPA (the precursor of the catecholamines) (by 98%) (individual data with descriptive statistics are in Supplemental Table 2 ).
Calculated rate constants in controls. Based on inputs for the model (Table 3, Table 4 , Table 5 , and Table  6 ), in controls the calculated rate constant for TH (kTH) was 1.9% of that for LAAAD ( Figure 1 and Table  7) . kVMAT_DA was about 7 times kMAO_DA, and kVMAT_NE was about 11 times kMAO_NE. The rate constant for neuronal uptake of NE from the extracellular fluid (kU1) was about 11 times that for loss of extracellular fluid NE from the tissue (kNE_Loss).
Calculated rate constants in patients with Lewy body disease. Compared with the control group, the Lewy body disease group had lower values for kU1 (2% of control), kLAAAD (8%), kTH (30%), kNE_Loss (19%), kMAO_DA (27%), kVMAT_NE (28%), kMAO_NE (35%), and kVMAT_DA (74%), with higher values for kDBH (320%), kLeak_DA (208%), kLeak_NE (205%), and kNE_Release (141%) ( Figure 2 and Table 7) .
Across the series of reactions from TH to LAAAD and from LAAAD to VMAT_DA, the product of the percentages of control was 1.9%, meaning a 98.1% decrease in synthesis and vesicular uptake of cytoplasmic dopamine.
Curves showing amounts of reactants as functions of isolated decreases in rate constants failed to generate the pattern of abnormalities of reactants observed in the Lewy body group (Figure 3 ). That is, no single abnormality was sufficient to reproduce the observed differences between the control and Lewy body groups. Numbers in parentheses are numbers of subjects. Individual data and descriptive statistics are in Supplemental Tables  1 and 2 . SO, spillover; Myo., myocardial. 
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Testing model predictions. In new subject cohorts of PD patients and controls, myocardial NE content was decreased by 99% in the PD group ( Figure 4 ; individual data with descriptive statistics are in Supplemental Table 3 ).
Myocardial concentration ratios of DHPG/NE in the PD group averaged 9.8 times, DOPAC/NE 11.2 times, and DOPAC/DA 14.8 times control (P = 0.00002, P < 0.00001, P = 0.0004; Figure 5 and Supplemental Table 3 ). Concentration ratios of DOPA/DOPAC, Cys-DOPA/DOPAC, and (DOPA + Cys-DOPA)/DOPAC in the PD group averaged 5.1, 3.5, and 5.0 times control (P = 0.002, P = 0.0004, P = 0.002), respectively. The mean value for (DOPA + Cys-DOPA) adjusted for LAAAD activity in the PD group averaged 30% that in the controls (P = 0.004; Figure 5 ).
Myocardial epinephrine in the PD group averaged 14.2% that in the controls (P < 0.0001; Supplemental Table 3 ).
Discussion
"Sick but not dead." As reported recently (3) and shown here, Lewy body diseases entail profound cardiac NE depletion. The remarkably severe extent of this deficiency (99% in the present study) is greater than can be accounted for by sympathetic denervation alone (about 75% based on immunoreactive TH in left ventricular myocardial tissue) (12) (13) (14) (15) (16) (17) . How can there be greater loss of a neurotransmitter than of the nerves that contain the neurotransmitter? Based on the results of this study, the resolution of this apparent paradox is substantial abnormalities in the synthesis, storage, and recycling of NE in residual nerves that are dysfunctional but extant, i.e., "sick but not dead."
Reasonableness of the kinetic model. Review of the literature indicates that the comprehensive kinetic model we developed was reasonable. First, TH is well known to be the rate-limiting enzyme in catecholamine biosynthesis (29) , and in the present study, the calculated rate constant for TH was about one-fiftieth that for the next enzyme in the synthetic cascade, LAAAD. Second, vesicular uptake is the dominant mode of disposition of cytoplasmic catecholamines (30) , and the model-calculated rate constants for vesicular uptake of cytoplasmic dopamine and NE each was about 12 times those for MAO acting on these catecholamines. Third, about 90% of released NE is removed by neuronal reuptake (28) , and in the model the rate constant for U1 was 11.5 times the rate constant for loss of extracellular NE from the tissue. Fourth, under resting conditions most of the turnover of catecholamines occurs not by release and escape of neuronal reuptake but by leakage from the vesicles into the cytoplasm and enzymatic deamination catalyzed by MAO (30) , and the calculated rate constant for NE leakage was about 5 times that of exocytotic NE release.
There was a huge range of values for the model-generated rate constants -from about 0.00020/min for kTH to almost 20/min for kU1. This span is also reasonable, as follows. The value for kTH in the model agreed well with that calculated from data published by Nagatsu, Levitt, and Udenfriend in their initial 
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description of TH as the rate-limiting enzyme in catecholamine biosynthesis (29) . Regarding U1 we previously estimated a much lower rate constant, 0.55/min, based on the kinetics of the cardiac sympathetic imaging agent, 18F-dopamine (31). The higher rate constant in the present model could reflect the use of an assumed NE amount of 0.14 nmol in the extracellular fluid. This was calculated indirectly from a published microdialysate NE concentration in rat myocardium (0.001 nmol/mL) (32), and microdialysate NE could have substantially underestimated NE at U1 sites, in which case kU1 in the model would be overestimated. Even so, the literature indicates a 2750-fold (calculated as 0.55/0.0002) range between kTH and kU1.
Computational modeling reveals multiple functional abnormalities. Accounting for the pattern of myocardial catecholaminergic abnormalities found in Lewy body diseases required multiple alterations in values for rate constants. For instance, as shown in Figure 3 , an isolated decrease in the rate constant for VMAT acting on cytoplasmic dopamine (kVMAT_DA) predicted increased DOPACc without a change in DOPAc, whereas patients with Lewy body disease showed severely decreased rates of cardiac DOPA spillover (Table 1 and Table 2) .
TH, LAAAD, and vesicular uptake of DOPACc occur in a series (Figure 1 ). The calculated rate constants for these processes in the Lewy body disease group were 30%, 8%, and 74% of control, respectively. The series arrangement of these reactions (thick green arrows in Figure 1 ) predicted a 98.1% decrease in tissue dopamine content in the Lewy body disease group, which agrees with the empirical value of 98% (1 -[0.0031/0.140]; Table 2 ).
The calculated rate constant for LAAAD in the Lewy body group was only 8% of that in the controls. Based on postmortem patterns of catechol concentrations, PD also involves markedly decreased LAAAD activity in the brain's nigrostriatal system (33, 34) . LAAAD therefore seems a promising target for gene enhancement therapy (35) .
NE synthesis in sympathetic nerves requires DBH, the intravesicular enzyme catalyzing the conversion of dopamine to NE. The calculated rate constant for DBH in the Lewy body disease group was not lower than in the controls. This finding indicates that the functional abnormalities in cardiac sympathetic nerves in Lewy body diseases are not generalized to all aspects of catecholaminergic function. Similarly, the calculated rate constant for NE release was not decreased in the Lewy body group. The low empirical rate of cardiac NE spillover in Lewy body diseases (19% of control, Table 1 ) seems to reflect the depletion of releasable NE stores. All processes are presumed to be unidirectional first-order processes, except for the neuronal uptake of tyrosine, which is presumed to occur at a constant rate. Tabulated values are for equilibrium conditions. There are 17 rate constants for reactions among 9 reactants. cyto., cytoplasm; Leak, leak from vesicles into cytoplasm; U1, neuronal uptake (Uptake-1) via the cell membrane norepinephrine transporter.
One may ask whether the obtained results would differ if, given the relatively high cytoplasmic concentration of tyrosine as substrate, TH were saturated under physiological conditions. The proportionate difference between the Lewy body and control groups in model-generated rate constants assuming first-order kinetics for TH was identical to the difference assuming enzyme saturation (zero-order kinetics). That is, after taking denervation into account, the same large decrease in TH activity was found in the Lewy body group regardless of enzyme saturation.
In the model the rate constant for vesicular leakage was set at 1.14% per minute in controls, based on previously published data (28); this value was increased in the Lewy body disease group because of previously published accelerated loss of myocardial 18F-dopamine-derived radioactivity (36) . Increased sympathoneural NE turnover could be from decreased vesicular uptake or from increased vesicular leakage (2) , and the model cannot separate these possibilities. For instance, the decrease in vesicular storage of dopamine in the Lewy body group could have reflected a 25.4% drop in the rate constant for vesicular uptake and 208% increase in the rate constant for leakage (as in Figure 1 ) but could also have reflected a 53.2% drop (25.4% × 208%) in vesicular uptake and no change in the rate constant for vesicular leakage. Experiments on vesicles isolated from striatal tissue from patients with PD have found markedly decreased vesicular uptake, with evidence for both decreased numbers of VMAT molecules and abnormal transport function of the protein itself (37) .
The predominant mechanism of inactivation of released NE is reuptake (U1) mediated by the NET. U1 activity has been reported to be decreased in Lewy body diseases (25, 38) ; however, previous studies have not examined NET activity after taking denervation into account. The present kinetic model yielded a value for the U1 rate constant (kU1) in residual sympathetic neurons in Lewy body diseases that was only about 2% of control.
Empirical testing of model predictions. Predictions from the model were assessed by myocardial levels of catechols and catechol ratios in new cohorts of PD patients and controls. A vesicular storage defect (whether from decreased vesicular uptake or increased vesicular leakage) would be expected to increase tissue ratios of DHPG/NE, DOPAC/NE, and DOPAC/dopamine; these ratios in the PD group averaged 9.8, 11.2, and 14.8 times the corresponding values in the controls. Decreased LAAAD activity would increase ratios of DOPA/DOPAC, Cys-DOPA/DOPAC, and (DOPA + Cys-DOPA)/DOPAC, and in the PD group these averaged 5.1, 3.5, and 5.0 times control, respectively. TH activity in the residual sympathetic nerves in the PD group was estimated to be decreased by about 70% after taking denervation into account. An indirect estimate of U1 activity, the myocardial epinephrine concentration, was decreased to 14% of control; however, this could reflect denervation, NET dysfunction, or a combination of these abnormalities. In general, the new empirical data fit with the concept of attenuated catecholamine biosynthesis, vesicular storage, and NE recycling in residual myocardial sympathetic nerves in Lewy body diseases.
A common cause? Is it possible that there is a single common cause for the pattern of functional abnormalities described here? Oxidative stress or decreased mitochondrial energy generation would seem likely culprits (39, 40) . For LAAAD to catalyze dopamine synthesis from DOPA, however, requires neither oxygen nor energy, yet the calculated rate constant for LAAAD was substantially decreased in the Lewy body disease group. More generally, widespread oxidative stress or deficient mitochondrial energy generation would not account easily for the syndromic nature of Lewy body diseases or the relatively selective, profound catecholamine deficiencies found in the putamen and heart compared with other regions receiving catecholaminergic innervation.
A specific unifying mechanism may be harmful interactions between the catecholaldehyde DOPAL and the protein α-synuclein (AS). DOPAL is an obligate intermediate in neuronal dopamine metabolism ( Figure  1 ). DOPAL inhibits activities of both TH (21) and LAAAD (41) . DOPAL also potently oligomerizes AS (41), converting the protein to oligomeric forms that impede vesicular functions (19) , and AS inhibits LAAAD (22) . Moreover, DOPAL forms quinone-protein adducts with other proteins involved in catecholaminergic functions, including TH, LAAAD, and VMAT2, probably via spontaneous oxidation to DOPAL-quinone (41) . Lewy body diseases all feature AS deposition in sympathetic noradrenergic nerves (42) , and putamen DOPAL is built up in PD (43) . Nevertheless, accumulation of neither DOPAL nor AS in catecholaminergic neurons has been shown to be pathogenic, as opposed to both being nonpathogenic biomarkers of the disease process.
Implications. The present findings based on application of a potentially novel computational modeling approach indicate that, rather than there being a single pathogenetic mechanism underlying cardiac NE deficiency, neuronal loss, there are multiple functional abnormalities in extant neurons in Lewy body diseases. Both decreased innervation and neuronal dysfunctions in residual neurons that are "sick but not dead" seem to contribute to the dramatic NE depletion found in the heart in PD and other Lewy body diseases. It is reasonable to propose that an analogous phenomenon applies in central catecholaminergic neurons. Thus, there is evidence for denervation-independent abnormalities in vesicular storage, LAAAD activity, and ALDH activity in putamen tissue from patients with parkinsonian synucleinopathies (33, 36, 43) .
Although the kinetic model presumed a balance of rates of gain and loss for each of the reactants, this equilibrium does not imply stability. On the contrary, the kinetic model does not involve negative feedback regulation, i.e., no homeostasis. Any perturbation would be unopposed. A systems approach involving compensatory negative feedback and progressively declining homeostatic capacity seems required to model accurately the period of preclinical or prodromal disease.
The finding that a proportion of catecholaminergic neurons are "sick but not dead" offers hope that a disease modification strategy might slow or prevent the progression of catecholaminergic neurodegeneration in this family of disorders. Understanding about how catecholaminergic neurons are dysfunctional may incite rational, mechanism-directed treatment. The "sick but not dead" concept also supports the possibility that one can develop pathophysiological biomarkers to detect the disease process in an early phase.
Methods
Subjects. Data from previous publications were based on (a) transcardiac kinetic studies of tracer-labeled catecholamines during cardiac catheterization in 45 control subjects and 13 patients with Lewy body diseases (7 PAF, 6 PD with orthostatic hypotension, 64 ± 4 years, 9 men) (28, 38) and (b) postmortem studies of apical myocardial catechols in 23 control subjects and 8 patients with neurogenic orthostatic hypotension in the setting of a Lewy body disease (5 PD, 3 PAF) (2, 3). Data about rates of reactions in controls were obtained from a previously published study by Eisenhofer et al. in 1996 (28) , except for a minor adjustment in the calculated rate of NE production to obey conservation of mass. Rates of reactions in patients with Lewy body disease were from publications about the rate of appearance of endogenous NE in coronary sinus plasma (spillover) and arterial-coronary sinus differences in plasma concentrations of DHPG, DOPAC, and DOPA (3, 38) . Data about myocardial tissue amounts of catechols in the control and patient groups were obtained from publications about concentrations of these catechols as well as Cys-DOPA, a product of spontaneous oxidation of cytoplasmic dopamine (2). Highest, third quartile, median, second quartile, and lowest values are shown. Numbers in italics are P values for independent-means t tests conducted on log-transformed data comparing the control (shown in gray) and PD (shown in red) groups. NE, DA, and DHPG levels in PD are drastically decreased compared with controls, without a significant group difference in DOPA. NE: control, n = 11; PD, n = 11. DA: control, n = 11; PD, n = 7. DHPG: control, n = 11; PD, n = 7. DOPA: control, n = 11; PD, n = 7. DHPG, 3,4-dihydroxyphenylglycol.a insight.jci.org https://doi.org/10.1172/jci.insight.130441
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Kinetic model. A multicompartment model was constructed depicting 17 reactions involving 9 reactants in cardiac sympathetic nerves ( Figure 1 and Table 2 ). Tables 3 and 4 list reaction rates and amounts in the control and Lewy body nOH groups.
Testing model predictions. To test predictions from the pattern of rate constants obtained by applying the kinetic model to previously published data, we used empirical data about myocardial catechols and catechol ratios in cohorts of patients with PD (n = 11) and controls (n = 11) of similar age. Coded samples of myocardial tissue from patients with PD and control subjects were received from the Banner Sun Health Research Institute (Sun City, Arizona, USA) under a Material Transfer Agreement and assayed for catechol contents (2) . The investigators and assay personnel were blinded to the postmortem neuropathological diagnosis.
We reported previously on myocardial concentration ratios of DHPG/NE, DOPAC/NE, and DOPAC/ DA and their relationships to vesicular sequestration of cytoplasmic catecholamines in PD (2) . Loss of sympathetic noradrenergic innervation alone would not be expected to alter these ratios. If there were a vesicular storage defect in residual myocardial sympathetic nerves, with a shift from vesicular sequestration to oxidative deamination of cytoplasmic catecholamines, then values for these ratios would be increased (Figure 1 ). If there were decreased LAAAD activity in residual cardiac sympathetic nerves, DOPA and Cys-DOPA, which are proximal to the LAAAD step, would be built up with respect to DOPAC. If TH activity were decreased in residual sympathetic neurons, myocardial endogenous DOPA and Cys-DOPA levels would be decreased; however, because decreased LAAAD activity would increase levels of both compounds, to assess TH activity, it was necessary to adjust DOPA and Cys-DOPA levels for the decrease in LAAAD activity. Myocardial epinephrine content is derived substantially from neuronal uptake of epinephrine from the coronary arterial blood (44) . If there were decreased NET activity in residual cardiac sympathetic neurons in Lewy body diseases, myocardial epinephrine content would therefore be decreased.
Statistics. Mean values were expressed ± 1 SEM. A P value less than 0.05 defined statistical significance. Mean values for catechol content and catechol ratios in the Lewy body disease patients and controls were compared by independent-means t tests conducted on log-transformed data.
Study approval. For all the subjects, written informed consent was obtained before participation in protocols approved by the Institutional Review Board of the NINDS, or else the next of kin gave written informed consent for postmortem tissue harvesting for research purposes.
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